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cameras have been used successfully for telemetry of video

images from remote experiments invoivlng dia~nosls of nuclea: reactions.

Imaging of neutrons, gamma rays and x-rays Is ●ccomplished by irradiating

suitable converters that transform the incident image to ● visible photon

image which is then viewed by TV cameras. Frequently these camerss must

operate in high radiation environments resulting from scattering of the

incident beam. Ibis exposure creates unwanted photocharge that oompetes

with the signal produced by the visible photons, resulting in radiation-

induced background buildup

Th~ primary purpose of
. .

radiation oena~tivitiea of

●nd spurious signals in the final image.

these experiments ●re to (1) mmpare relative

several new TV Imagers wiLh Sb=Sa vidioons (our
GJ

standard diagnostic for radiation imaging experiments) to d-termine if ●cy

offer greater radiation immunity with equal or better visible light

sensitivity, (2) to identify reaction threaholda for given sensor types in

order to npecify shielding, ●?d (3) to understand the physics involved

when radiation-induced excitation occurs. The resulta should provide ●

basis for the optimum seledtion of TV systems for specific imaging

experiments.



In the past few years several TV imagers have become ●vailable which

offer improvements in speed, sensitivity, and resolution relative to

corventlonal Sb S photoconductor-type vidlcons.23 The imagers tested

included (1) vidicon type sensors with target materials of silicon (diode

matrix), saticon (Se+Te+As), Newvicon (ZnSe), Pasecon (Cdael, Plumbicon

~ ~, (2) silicon-based solid statt ●rraysand Leddicon (PbO), as well as Sb S

including charge coupled devices (CCDS), charge injection devices (CIDS),

photodiodes (PDAs), (3) photoemissive image intensifiers with hi-alkali

S-=20 type photocathodes, including Sillcon-Intensified-Target Vidlcons

iSITVs), proximity-focused ❑icrochsnnel plate tubes (MCPTa), ●nd streak

tubes. When possible, similar samples from different man~Jfacturers were

tested to determine “typical” performance for given targets. For most

sensors at least two ssmples were measured for improved statistics.

The tests compsred measurements of response to visible light ●nd the

radiation 8ensitivltle3 to neutrans, gamma rays, ●nd x-rays. All sensors

showed gamma ●nd x-ray aenaitivity in the form of increased uniform
. .

background signal ●s shown in Fig. 1 for 8 silicon target vidicon. Only

the silicon-based aen~ors showed significant neutron sensitivity.

How@ver, instead of uniform background builaup, the neutron-induced

signals ●ppear ~s random spurious “stars” or “speckles” in the video

image, ●a shown for the acme eilicon vidicon in Fig. 2. Other imagers

having ●pproximately equal visible light imaging qualities, showed similar

reaponaoa, with the CCD type being the moat vulnerable ●nd the old8r Sb S23

vidioons the least vuln~rable to either gama rays, x-rays, or neutrons.
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Fig. 1, Response of a vidicon with a silicon target to a 31-MR,
1.3-ns pulse of 13remsatrahlung nhotora f~om an electron
Linac, The image shows the uniform background produced
by the channel-collirnsted beam. IIorizontul line scans
through &he center of images (indicated by highlighted
band). tnken with and without irradiation are shown in
*L- “1-,.,-” -...”*<.A”m -c hi.,- EJ------



Fig. 2. Speckling effects (or “stars”) produced by 14 Mev neutron
interactions with a silicon-target vidi(!on. Me ima~es
in the upper half of the figure 13how these effects nt
two different flux levels, HorizorttaL Iinc scans of
these images are shown in the lower portion of the
figure, The grid calibrations, V and H, shown in these
scan nlots. refar to n 256x512 dimibnl rirmnan*fs+4fim ~F
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severelphococonduc-
tlve,phocoemissive,●d ●olidscecesilicon-baoed
videoimaserswee xaoauredby eealyeingstoredphoc~
chargeinducedby irradiationwith contgnuoue●nd
pulsed●ourceaof high enu~ photoma emd neucror.z.
Tranaienteffecceaa functionsof ebeorbeddoee,dose
race,fluencea,end isizing perticle ●nergy ●re pre-
aenced.

Introducc20n

IndirectlmzBinRof neutrom, gm raye, ●nd
x-ray- ia ●cc~limhod by irradiating eulteble com-
vartere chat tromaforx the incidenti~o to ● vieible
photonime~ vhithie themvSued by TV ~re. Scet-
cerinSof the incidemtfluxsxpoeesthe ixagerato
ioniaingrodtacien. thiscreatea umumted photocha~e
thatcoxpeceswith tha●ismnlproducedby the vieible
phocone,reoulcingin rediation-inducadbackground
buildupand ●puriouatigmla in ch8 finalimage.

Th9 prixerypurpoaeeo? these●xperimanteare
LO (1)coxpararelativeredietit,n●enSitiVitiUof
several TV imsere with Sh2S3vidicone(our●tandud

diasnoetl~for radiationimaglnScxperimmncs)to det-
ermineif●ny offm greaterradieLioniuiLy with
aqualor bettervisiblelightseneitivt:y,(2) to
identifyraaccionthreaholdafor giver●meor typesin
order Co specify●hieldins,and (3) to understandthe
i>l}yaicainvolvedwhen pixel●xcicetionoccure.

~ ● Bvalueted

I~ers toetod included(1) vidicon type●en-
●orawith che follcuin~cerBet matorialsr Sb2S3 phot~

conductors1, 11, mtd IV, ●ilicnmdioda mzcrix,sati-
:on (SO+TQ+AZ),Nevvicm (ZnS@),Paeecom (CdSa), Pluo-
oicon●nd Leddicom(Pbo); (2) silicon-baud ●olid
stece &rrays LncludinBohaqe ooupleddevicu (CCDX),
cltu~c injactioo deVhZS (CIDO),photodiodas(p~)t
(3)S-20phocoedsalveiMSQ immnoifiere including
Silicom-Intmaifiad-Tar@Vlditone (8XTW), ProxidtY-
focusodxicrochomealphca t~oa (MQW, ●d ●cruk
cuim. Ulmrepoeaible,similars~leB fromdiffammt
=enufecturercuero taatad to dotemina “typical” per-
formance for tiventar2ete. ?or wzt ●meoro. at least
two s~les were measured for l~rovad statimticm.

bdlataom If=

TM aourmc uand rsetrictad fluxu and flum-
cea to 10U10wIs that smorolly producadonly trmaiant
●ffects ●lchou~ sax semi-permment dmoa wzz noted
forCCD2. Tha sourcao includadt

(1) Concinueuaflwcos of 1.25MV (1.17NoV
and 1.33PIevJ ●nd 662 KeV S~ mya froo 100topic

m.rc,e’°Co and137Co. reapecCively.MaxixumdoSa
60

ratesof 77R/awere ●vailablefrom Co ●nd 0.MRla

from 137(3.
(2) 1 to 80 ne durationbureteof Br~tre-

hlungphotwte(averageenergieein the 3 to 6 KV
range)producedby boxberding● 50-xiltwgeten ta~et
with S-12NoV ●le.crme frox ● Limac.

(3) Comt’muouafluxof fieeion neutronsfrox

252
Cf (6x107n/e●t the s~urce).

(4) Nicrooocond duratiom (% 1 to lo-)
bursts of 14 MV neutrooe frox ● D-T exekd-tuko

generatorwith xexium fluemce of ~ 1.Sx107n/cm2/puloe.

(S) lknDaQreeff omcelemtore to produca xeoo-
●nergeri.neucrmo in the remBe frzm 4@ KoV co 10 MV

uainsLi7(p,n)end U(T,n)rooctlome to ●udy El(n,p)
●nd Si(P,a)reactions in the silicon-booediqarx.
For noucrom●nergteabelw 1.7IW, DC izrodiatiooo

72were xade with xaximm fluxesot % SX1On/~ -s. At
higher●nerBiee,puloed irrediatiaeuere~ tith

neutrm flwnres of ~ 3x10snla2/pu18e produced by
gacing che ●ccelerator km fer * 2 m.

~rimntal Setups ●d Reoulca

_* Ray lWasuraen~

PiSure1 ●ham the bemic Sm rsy irrodletim
●ecup. A me-inch dirntor colli.sc-~r d ● l/4-iQ&
uida ●lit uera wod to provide contrxet betueen lrred-
lmtod ●nd non-irradiated●reu on tho TV ta~ts.
G- ray flux levels uere vuiod by poeitimmi~ the
ta~ots ●c various distemces fra the eeureoaod by
using hod bricke iII the rodlation path for ●ttemuetim.
TIM videa sl~a: frox tha i~mro me vi-d m ● lV
xmitcr end recordedon M OOC111OOOOPO.

Iha ●~lifior YBTS (field●ffact traulstore)
true irradiatedfirm, wicheuc emy imeger in cbeTV
cmera, to datwzmne their radiatlom saeltivity. No
●ffoctm uera obmrvtd ● ,Bximm doee rato of ?YM.

All ●eworm Aou ~ ●emetttivtty. Ualfoxm
buildupof back#rmmd inereuu Mnoerly tr2thabaerbod
doe-. Nmt ●noitive ●re the me@ iwenslfiuo MMeh
shou ~aln behavior for c rzy flux similu to that
for viaiblqli~ht flux Iridloatint the domlmnt p
rey ●ffact i- to cmca photoemluion from tho 2-20
photomthodc. 2overee-btamin~ of photooathodee or
●litimatlomof eoccloratins veltqaa vlrtualty ●llBi-
nateo pm induood#i@al. For non-lntm9ifiod
l~ors, CCM ●a au ●nsitlvc ●nd S32#3 vidhame

●rt lmct ●meitive. A dmo rata of * S4tUn produme
si~al-to-noloa racioc (t/it) of 93/1,6511,30/1,08d
1.5/1●rom SIWa, NCPTa,CCDe,end Sb2S3 vidioene

rcapcctively.someSb2S3vidlcono ●rt ●ved 1000aon-

citive,produclncimeoeurabla ci~al sc 77R/a%
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Fig. 1. The baoicCobalt60 gzmz irradiationsetup.
l%. ●urea strmgth is 7.6kilocuriee.

TtM svtrage S/N not-dfor othsrvidiconphoto-
conductorswzz 12/1 fcr PbO, 6/1 for ●aticorw,2/1 for
CdSeor ZnSo. Our meazuremntsshow that tha relative
viaiblclight●mitivity ●t discretowwelmgth bands
im hishcrforPbO and ●ticon tarsat tidicone than for
C!IOSO with c&a or ZnSo. Thaxefora, thair highar@@n-
sitivityto g~ radiationRZy be duz to batter inl--
rentquzntuxefficimcy. ~-ray cmtsitivityof the
othersilicon-bseodixz$ae, i.e.,th~ silicontarget
vidicon,CID, zndPDA lie;batwaanthxt of the●bova

‘hotoc”nduc’or’”ndsb~s3”‘hoi-e intengifiorand
s:liconimzsarrosponss ●re plottedin Fig.2 ●nd
aunmarixadin Table I.
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TABLE I. Cebalt 60 gmma ray responses

76.5
76.5
20.2
20.2
20.2
20.2
18.6
20.2
20.2
54.2
20.2
20.2
20.2
54.2
54.2
54.2
54.2
10.6
54.2
54.2
18.6

54.2

SW Wom8-
dato llzed.— —

GE 8573A SbaS3/VID
RCA 8573A
H.laannXQ1292 w
EEV P8038B n
I?EVP849D w

GE 7003#l
GE 7803 02 ‘2S3’FYS

!telmnnAN456 Sztlnon/vID
l?WDOn 9950 (D) ●

Aaperex XQ1021 Pbo/VIO
AaperexXQ2172(D) “
EEV P8022 w
EEV P8490 (D) n

Heimmn XQ1Q61 CdSe/VID
AxperexXQ1442 ZnSe/VID
GE7803S #2 Silioon/FPS
ThomsonTNX 865 w

GE 17B 41 Silioon/CID
GE 17B 42 II
Fairohild222 #l SllloonlCCD
Retfoon Silioon/PPA
GE 7821 s-20/s2Tv
(HV on)
( HV off)
ITT FU1l/GE 7803S1 S-20/HCPT-FFS
(HVon, fistedon) 54.2 65/1
(HVon, sated off) <1/1
( Hv O:f) <1/1
..CAC73U35/GE7821%201STX-SXTV
(STXHVon, gated
on, SIT HV on) 54.2 2uo/1
STX HVoff, SIT HV on) 15,0 25/ 1
(STX HVon, Scted
off, SIT HV on) 54.2 2/1

Brmtrahlunm Irrzdiatione

1.5/1
2/1
1/1
1/1
1/2
1/2
zero
2/1
2/1
9/1
5/1
m
6/1

2.5/1
2/1
2/1
2/1
1/1

2.5/1
50/1

1/1

93/1
<1/1

1/1
3/1

2.511
2.5/1
1.5/1
1.5/1
zero
5.5/1
5.5/1
9/1

13.5/1
11/1
16/1
2.5/1
2/1
2/1
2/1
3/1

2.5/1
50;1
3/1

93/1
<1/1

65/1
<1/1
<1/1

246/]
2/1

90/1

SixAlar collixztionznd ●l?t ●rrmgamentwm
used to provtdo contrzztin the videosignal. Tlm
Linacwas ●ynchrrmixedto the TV wmc and pulsedonce
every fifth TV fiald, Biv2n8●ssentiallyA@. pulso
rospon~ i, The dome per PU180 wzz xmmtad by ●xpoming
thormolumlneocmtdosimzters (TLDs) ● tho TV tmgot
plane. The .wponae for ● silicontarget vidiconto
~ 31milli:ads●tposure froxa 13ns E%iHMx-rayburst
i. shownin ?1s, 3, TIM @/It ~ 5/1) *b@@rvod far
thisdom is in good●grczxentwith 8/N (~ 6/1) froa
\ 36 milliradnc$me-intesratod3 m (TVfld parkd)

dome from 60 Co SM8, indicatin8● dependencyan
total doss ratitor than on doss rsta. Tha x-ray
Fasponsa for this ●wor io llnaarb~tvean31 and 865
milliradm with ●aturution occurrins ●L % 1.1 radc. A
26 nc FNUM,62 millirad●tpoaurm cauzed ●aturation in
tho CCD iszger, indicating~ 18x higlmr x-rsy OaWiti-
vity for this mnsor,

NeutronIrradiatio.ic

For the unintensifiadimzgors,only tha ●iii-
con-baoadunltu●hw ●ignlficant nautron●mitlvity.
Neutronsproducaspatisllyrandomaxaitationof iadi-

-Yi&IMi P!if~Q?? FiB..4)with littlao.F..KQ-k~d
buildup. The s-20WT/0b2S3 ititmaiflcrNwwed no :

individual intetactiom,but-zhowad background build-

up (Fig. 3) ●lmllm (S/h z 10/1 from l,8tt10’,tICm2\ to



neutronsof e, 6, 8, and 10 HeV are found in Tablo 111
and Fig. 6. Comparing che 6 and 8 -V datawith the
6 NMV data eh~ the rel.tivec~~tributi~eeOf (amp)

Fig. 3. Hi~ ●nargy photoolnducad●ignalin ●llicon-
carmetFM vidicon.

Iml.
a. FairchildCCD-1 b. Silicomvidicon

mm
c. GE CID d. Reticon

ft. L. Neutron-induced ●pecklins for ●varal ●ilicon-
baaad IV Imeger- whan irradiated with 16 MaV

fluencecf :; ~.5n105n/cn2.

Tha ●xpactod n~ar of Individualincarac-
ons fromsiliconnautroncroea--actioncalculaciona

.graanwall (within●xperimental●ccurmy end liwead
●tacimcicaavailabla)with ob?ar-adcotmts (aaa
Tabla 11 for 14 NxV reaponoo)of ●ffeacad pixelsfor
●ll siliconime~ra. ~ain, Cm are themoac senci-
~ivai~gt~ [~ 1135inc~}ctionofro=4.5xl(!6n/cm2).

l’ulaa halsht ●nd ●raa dictrzbutinnof ●xcitad pixah
for CCD tl from pulaadirce-:intimlwith mmoomargecic

and (n,a)reacciona.Excitationwith 252Cf fia.i;
epectru neu~raneproduceda ●mellerratioof ●atu-
racedpixelsvereuatotalaffeccad pixelschainratioa
obtairedfromhisher●nargyneutrons.

Seduccionof radiation●ffeccaby ●hieldins
wae inve-cisated.Star●ffectsin cha ●iliconvidicom.

~tirig co 33 ●care from ●n ●xpoeureof 2.Sx105n/cm2,
wera eaaentiallyeliminecedby shieldingwith●ithar
30.5cm of polyethylemaor 9.2 C= of tuqaton. lhaaa
shialderepraaenced2-3mean freepatha for che ●ttem-
uecionof 14 Mallmeutrome.

I 7a.s

i b
8IN-1OI1 ml.8z $07n/oms

16s.0

127.6
1-

5170.6 -

g 16s.0 -
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Fig. 5. Neucrom-inducadbacksrowtd(withMO ●packlims)
in 8-20baeed imesaIn:mmaifierfrom irradix-
cionwithI-301JBburata of 14 NMVneucr~.

—- — —.—

TABLE II. Svontm6indw.d lnnilioon~agors from
S.5X1O 14 *V nwtronalom

TotalO of Total
Modol0 PIXOIS PlxolWlm2 Evontn

ag 7803SIFPS 1.8X106 1.4X105 336

PS-2221CCD 185.caO 1X105 1135

0C17B 01 96,22a 1 .57X105 108

R@tloonlPDA lXIOU O.5X1O%4 la

Tha ●ffaccivemtmber of pixala/mm2 for ~ .1
raflact ●pproxiucaly50S imemeitive ●rea bacuaam
pixalo. For tha siliconvidicon, ●ffaaciva pixal ●rea
la che ~ 30 m-dimncm ●lactrom btam~ rathmr thmmtha
7 ux dimmter silicon dioda. .
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Fig. 6. CCD vidao lin~s through ●ffected pixele. Each
P:OC1. an overlayof threeremdomlines.

Table III.

Plxel~
Araa ranue
Avg. area
Ampl ran~e
AVE. ampl

Pixel●rea ●nd amplicuda dietribucions
from neutroninduced●pecklingin CCD

#l from 3x105n/cm2 fluence.

h *V -6nav 8 Uav 10 Hav
52 62 85 1.2xi113

l-~ 1-6 1-6 1-22
1.6 2.6 k.o 6.2

165-210 166-227 165-256 165-256
170 191 175 17s

Corr~~.ion Batween Haaauramanta ●nd Calctilationt—

Several reacciona of neucrona with silicon
nuclei chat produca ionizing particlea include elaetic
and lnelamcic scattering, (n, p) and (n, ). Thm partl-
clee creata ●lectron-hola parioaa theypaaa through
tnm silicon●ubetrate. C..=-iareproducedifidevice
dap~acion regione,er tiichin ● diffueion lengthof
thaeere8ione,●ra ●corad●a photocharge whicn la read-
o~t lacar ●a video signal from the ~ imager. Becauoe
of cha “hor~ranieof ●cactaringrecoils ●nd charged
secondary particlea, moec of the ●mrgy dapomited as
lonizacion occurs within “% macarial where the raac-
tion occurs. Consaquantly a single reaction can show
Up 4s a local ●ffacc or a star in one or ● few conti-
guo.a pixtla on the IV imagera. In contract, the
unercy loeepar unit distance of ●lectrons produced by
the interaction of him ●narsy8ama raye 18 ●allar,
rettilcing in thamore unifom ganeralbackg?owndbuild-
UP nocadforphotonirradiations.

The ranga of vidao SIWS1 ●~litudea mawured
from tha noxca lwel to ●aturation!Whwe the chartza)
may ba ●corad by savoralnci~hborinS(pixels)ara con-
aincen?with calculationsof the numhr of ●lectron-
holeFair.producedaa ● iunction of Incidant nautron
anarSy ●nd cha pixal●enmicivity,(a funccionof ●mpli-
fiernoise●nd carSetqutntum●fficiency), and the
charge capacity (cha n~ar of ●loccronal-!.l for solid
●tace ima~arm or holeddioda for silicon-tarsac vidi-
ccmol. Tha noiaa thrasholdramae for tha variousima-
gar~amplifiercombination cocraapondmto 25 co 100
uleccrona ●nd ●stimacas of pixelchar8acapacity(1,2,3)

range from > 103 co > 106 electrons/uixel. One ●tmdy
(4) reports that1) recoilein the ●ctive●iliconrmgi-

on producedby neutronscatteringproducefrom~ 7x10a

to 3.2xlC@’ Cl_3 per nfcm2 for naucrom ●mmrgiu fra

~ 300KeV co 4MV. increasing to%6x20-lgC/=3Per

n/cm2at higherenergima.end 2)(u,O mod (~’.p)rmac-
-20cloneproducefromabout 1x3x1O CI-3 per n1cm2 et

-18% 4 MV increasingco ~ 2x1O Cl_3 per nlcm2in the
rangefrom8 NaV to 14 MV. The rmeultimgtotelrmmBe
ie?7xlK20t05.4x1618 ~f-3per*/”2. meeffe~

tive S1 vol~lpixel ie * 3X10-6for ●ilicomvidicoma
-5 3end % 2x1O E for CCD end CIDmused in thie●tmdy.

Usingthe 3X105G/Cm2fluencefromthe VemdeGraaff
●xperimanca●nd che aboverangeof poaaiblecherce,
gi~ve~ 2.6 to 508 a-h pairelpixelfor CCh or CIDa
and * 0.6 co 77 a-h pairslpixelfor siliconvidicau.
We believethieco be mxpecttdevarmgecharge/pixel,
but becaueeonly● small fraction of the totel pixclc
●re effecced, chairactualcharg@/pixella mxh lerger.
Examination of che CCO date frm TebleIII ●howe

%1.2x103 ●ffecced pixele ouc of 1X205●vaileblepixele

givins83x ●veragecharBeor 217 tu &.2x206e-h paira
pixel,which ie ●ufficiancto produce●iBmeLefrom
noiee to ●aturatior for thie luger.

@mwledgmmanta
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